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1. Introduction 
Glutathione S-transferase A belongs to a family of 
enzymes in rat liver capable of detoxifying various 
electrophilic xenobiotics by conjugation with gluta- 
thione (GSH) [ 11. It was purified extensively [2], and 
independently under the name form II of glutathione 
S-aryltransferase [3]. This enzyme is the only homog- 
eneous GSH S-transferase which has been studied in 
detail by steady-state kinetic methods. The kinetics 
were found to be non-Michaelian [3,4] and the 
highly complex rate behaviour was interpreted by our 
group in terms of a steady-state random-order mecha- 
nism [5,6]. However, deviations from Michaelian 
kinetics may have many causes, and it is therefore 
essential to eliminate as many as possible of the 
alternative explanations. Studies of the binding of 
GSH and the GSH conjugate, S-(2-chloro-4-nitro- 
phenyl)glutathione, formed from the substrates of 
the enzyme, showed that two binding sites exist per 
enzyme molecule but did not indicate deviations 
from a simple hyperbolic binding curve (unpublished 
experiments and [5,7]). Therefore, cooperative 
binding of substrates appears not to be the reason for 
nonhyperbolic kinetics. Likewise, the measured 
velocity was proportional to enzyme concentration 
[8], excluding association-dissociation of the 
enzyme as an alternative explanation. A remaining 
possible cause of nonhyperbolic kinetics is the inhibi- 
tion exerted by ethanol [9] which is used as a solvent 
for the substrate 3,4-dichloro-I-nitrobenzene. If the 
inhibition were partial, alternative reaction pathways 
in the mechanism would be introduced, which may 
be expected to increase the degree of substrate- 
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containing terms in the rate equation. Since ethanol 
has been included in all kinetic investigations involv- 
ing 3,4-dichloro-1 nitrobenzene, it was crucial for the 
interpretation of the rate behaviour of the enzyme to 
investigate the effect of ethanol on the kinetics. The 
results reported here show that even if the concentra- 
tion of ethanol is extrapolated to zero, the non- 
hyperbolic rate behaviour of both substrates as well 
as that of the product remains, and a trivial explana- 
tion of the complex kinetics is thus eliminated. 
2. Materials and methods 
GSH and 3,4-dichloro-I -nitrobenzene were obtained 
as in [3]; S-(2chloro4nitrophenyl)glutathione was 
prepared enzymatically [S]. The enzyme was prepared 
and assayed as in [3,5]. The enzymatic reactions were 
started by addition of 3,4-dichloro-1-nitrobenzene 
dissolved in ethanol. Nonlinear regression analysis of 
initial velocity data was as in [5]. Weighting factors 
were based on the analysis of the experimental error 
structure, which was estimated by replicate velocity 
determinations [8 3. The factors used were propor- 
tional to v-@, where (Y = 1.6 was used in the absence 
of product [8] and cr = 2.0 in the presence of added 
product inhibitor. The discrimination between alter- 
native rate equations and the judgement of goodness- 
of-fit were based on the criteria described in [lO,l I]. 
3. Results 
3.1. Qualitative examination of the inhibition 
The effect of ethanol on the kinetics of GSH 
S-transferase A was studied by keeping the concen- 
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Fig 1 Effect of ethanol on mltlal velocity at varlable GSH concentrations The concentrations of ethanol were 0 5% v/v (V), 1% 
(0). 2% (o), 5% (A), 10% (x) 3,4-Dlchloro-1-mtrobenzene was fixed at 0 1 mM and GSH varied from 1 PM-10 mM The hmlt 
velocltles obtained by evtrapolatlon to zero ethanol concentration (0) were fitted separately (dashed curve) by a 4 4 function 
(cf table 1) 
tratlon of ethanol at various constant levels and 
varying the concentration of one of the substrates 
or of the product S-(2-chloro+mtrophenyl)gluta- 
throne Ethanol could not be omltted (wlthout addl- 
tlon of another organic solvent) owing to the low 
solublllty of 3,4-dlchloro-1 -mtrobenzene m the 
buffer system It was found that ethanol gave J 
reversible mhlbltlon of the enzymatic reaction 
Figure 1 shows the curves obtained by varying the 
concentration of GSH at different fixed levels 
(0 S%lO%, v/v) of ethanol Correspondmg experiments 
mvolvmg varying concentrations of 3.4-dlchloro-l- 
mtrobenzene and product, respectively, were carried 
out In no case did the deviations from Michaelian 
kmetlcs appear to vanish by lowermg the ethanol 
concentration Figure 2 demonstrates that the mhlbl- 
Fig 2 Effect of ethanol on mltlal velocity at variable con- 
centrations of the product S-(2-chloro-4-mtrophenyl)- 
glutathlone (Dixon plot) The ethanol concentration was 
varied at the followmg levels of product zero (o), 20 PM (A), 
60 JLM (o), 100 PM (e), 160 PM (a), 200 PM (m) The sub- 
strates were fixed at 8 9 mM GSH and 0 1 mM 3,4dlchloro- 
1 -nltrobenzene 
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tion is nonlinear with respect to ethanol concentra- 
tion when the product is kept at different constant 
levels. The velocity extrapolates to zero by increasing 
the ethanol concentration and the inhibition is accord- 
ingly not partial. The dependence of velocity on 
ethanol concentration in the experiments involving 
GSH or 3,4-dichloro-I -nitrobenzene as the second 
variable was similar. 
3.2. Regression analysis 
The kinetic data sets were examined by nonlinear 
regression analysis by the approach in [S] for GSH 
S-transferase A. Several alternative rate equations, 
based on reaction schemes involving ethanol- 
containing enzyme forms, were tested. The ‘best’ fits 
[lo,1 l] were selected from rate equations involving 
the concentrations of ethanol and the varying reac- 
tants as independent variables. The results indicated 
that the full rate equation must be second or higher 
degree in 3,4-dichloro-1 nitrobenzene and GSH con- 
centration; with respect to the concentrations of 
ethanol and product the full rate equation appeared 
to be a 0:2 and 2:4 function,respectively. These results 
are consistent with our earlier conclusions about the 
kinetics [5 $1. 
It was also attempted to establish the form of the 
rate equation applicable in the absence of ethanol 
(which could not be realized experimentally). To 
achieve this, the individual curves of the Dixon plots 
corresponding to the three kinds of data sets (involving 
one of the two substrates or the product as second 
variable) were extrapolated to zero ethanol concen- 
tration. The limit-velocity values obtained by this 
procedure were then replotted and analyzed by 
regression analysis. These velocities also displayed the 
nonhyperbolic behaviour. The corresponding rate 
equations for the limit velocities appeared not to be 
of lower degree with respect to reactant concentra- 
tions than the equations applicable in the presence of 
ethanol (table 1). However, it should be noted that 
equations of high degree often contain redundant 
parameters [ 12,13 ] and the selection of the ‘best’ 
models in table 1 is not unambiguous in view of such 
redundancies. It was nevertheless well established that 
the kinetics are non-Michaelian also in the absence of 
ethanol even if the degree of the rate equation cannot 
be established with absolute certainty. 
Table 1 
Fitting of alternative rate equations to limit-velocity values 
obtained by extrapolation to zero ethanol concentrationa 
Substrate varied Residual sum of squares (arbitrary units) 
Rate equationb 
1:J 2:2 3:3 4:4 
3,4dichloro-l- 
nitrobenzene 4.0381 1.9363 1.6267 1.3207 
(II = 13) 
GSH 6.000 0.8590 0.4089 0.3665 
(n = 12) 
a The initial velocities analyzed when the concentration of 
GSH was varied are plotted in fig.1. The regression analysis 
was made on the limit values obtained by extrapolation to 
zero ethanol concentration (dashed line in fig.1); n is the 
number of limit values of the data set analyzed 
b The rate equations used in the fitting were km functions 
(k G m) of the general form: 
in which ai and b. are coefficients composed of rate con- 
J. 
stants and nonvarred reactant concentrations and R the 
varied reactant (cf. [5 ] ). One of the coefficients of the 
denominator (b$ was made equal to unity in the regression 
4. Conclusion 
The inhibition of GSH S-transferase A by ethanol 
is of the generalized noncompetitive type [ 141 with 
respect to both substrates, and it is furthermore not a 
case of partial inhibition. Thus, the substrates do not 
prevent the binding of ethanol and the inhibition 
appears to be unspecific. More importantly, the 
present study shows unambiguously that the com- 
plex kinetic pattern [5,6] is not an effect of the pres- 
ence of ethanol. This conclusion was reached by 
mathematical modelling of the authentic kinetic data 
obtained in the presence of ethanol as well as of the 
limit velocities obtained by extrapolation to zero 
ethanol concentration. These results eliminate a 
trivial explanation of the non-Michaelian kinetics and 
lend further support to the steady-state kinetic 
random mechanism proposed for the enzyme [5,6]. 
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